Two case studies are presented to demonstrate how estuarine water quality models can be used in planning eutrophication control.
In the first study, a steady-state model is used to assess the impact of point source phosphorus reduction on the phytoplankton biomass in the upper James Estuary in Virginia during the summer months.
The modeling results indicate that phosphorus is in ample supply to support the phytoplankton growth in the system.
However, substantial reduction of loads by phosphorus removal at the wastewater treatment plants would lead to a phosphorus limiting condition thereby lowering the phytoplankton biomass levels.
In the second study, a time-variable model is developed to investigate the potential of blue-green algal (Microcystis) blooms in the Neuse Estuary in North Carolina.
More specifically, the model is designed to address two management questions.
First, recognizing that high nonpoint nitrogen loads in the spring months would lead to a proliferation of non-nitrogen fixing blue-green genera, should parallel control of nitrogen be considered? Second, in light of the potential for algae species dominance to shift, is control of nitrogen fixing blue-green algal blooms possible?
INTRODUCTION
Eutrophication control is attracting much attention for many estuaries in the United States.
While nutrient control will reduce nutrient loads to an estuarine system, it is not clear to what extent that load reductions will impact the water quality of the estuary.
For example, a phosphorus control program may only reduce phosphorus concentrations but not necessarily the phytoplankton biomass.
The nutrient effect on phytoplankton, therefore, is a marked contrast to other types of water quality problems where reductions in input load (as in BOD reduction) can generally be considered as being advantageous (Thomann, 1987) . Given the expensive nature of nutrient control programs, it is wise to evaluate various control alternatives prior to selecting and implementing one.
Estuarine water quality models are useful tools which can be used to evaluate control alternatives and assist decision-making in planning a sound nutrient control strategy.
Estuarine eutrophication control differs from one system to another. As a result, the complexity of an estuarine modeling effort varies with the nature of the eutrophication problem associated with the estuarine system. In many cases, simple steady-state eutrophication models are adequate to address the problem.
In other cases, time-variable modeling is required to examine many complicated issues in the system. Sometimes, sophisticated estuarine hydrodynamic and water quality models are needed to closely examine eutrophication control alternatives for water quality management p�ses.
This paper summarizes and reports two case studies of using models for evaluating eutrophication controls for two estuaries in the east coast of the United States.
A steady-state model was used to assess the impact of point source phosphorus controls in the James River Estuary in Virginia.
In the second case, a time-variable model was developed to identify the key factors regulating the growth potential of blue-green algae in the lower Neuse River in North Carolina.
POINT SOURCE PHOSPHORUS CONTROL IN THE JAMES RIVER BASIN
The James River basin in Virginia (Figure 1 ) contribute s a significant amount of phosphorus loads to the Chesapeake Bay, ranging from 24 to 36% depending on the hydrologic conditions (Lung, 1986b) . Such a high phosphorus input is because none of the municipal wastewater treatment plants in the basin currently practice phosphorus removal.
In addition, no other form of nutrient control exists in the James River basin.
As a result, approximately 15 to 30% of the annual total phosphorus loads to the Bay, again depending on the hydrologic conditions , are from the municipal wastewater treatment plants in the James River basin.
More importantly, municipal sources account for about 55 to 75% of the total phosphorus loads from the James River basin with the majority coming from sources below the fall line (Lung, 1986b) .
In the past few years, point source phosphorus control programs have been contemplated for the James River basin as part of the overall effort to control eutrophication in the Chesapeake Bay. The foremost question raised by any phosphorus control program is: what response, in terms of phytoplankton biomass levels, can be expected as a result of phosphorus control programs?
A modeling study was conducted to put this question into perspective through an analysis of the most recent water quality data available and through a series of mathematical modeling simulations designed to show trends in peak phytoplankton levels in the upper James River Estuary (where algal blooms have been observed) as a function of phosphorus control alternatives. A steady-state water quality model of the upper James River Estuary was used to assess the water quality impacts of potential point source phosphorus control programs.
Key water quality variables such as CBOD, nutrients (nitrogen and phosphorus components), phytoplankton biomass (in chlorophyll a), and dissolved oxygen were incorporated into the model. Salinity was u sed as a tracer to calibrate the one-dimensional transport pattern (advec tion and dispersion) along the estuary.
A detailed description of the model including the interrelationships between these variables may be found in another document (Hydroscience, Inc., 1980) .
Approximating the phytoplank ton-nutrient dynamics on a seasonal steady-state basis was justified for the estuarine system under summer steady, low flow conditions.
The advantages of a seasonal steady-state analysis include modest data requirements and providing much insight into the system -a practical approach.
Model calibration results from the study are summarized in Figure 2 for two separate data sets in the summer of 1983.
In general, the increase in ammonia nitrogen below Richmond was due to ammonia discharge from point sources such as the Richmond wastewater treatment plant and other municipal and industrial sources.
However, the increase did not sustain beyond river mile 90 because of phytoplankton uptake and nitrification.
Note that the phytoplankton chlorophyll � concentration increased starting at this loca tion.
The orthophosphate profile in the upstream area closely resembles the
2.80 Subse quent decrease in orthophosphate levels was the result of algal uptake and adsorption by suspended particles.
The lowest level of orthophosphate is about 0.01 mg/l of P, which is much higher than the Michaelis-Menton con stant (0.001 mg/l) limiting the algal growth in the model.
Further exami nation of the model results have indicated that significant attenuation of light associated with the turbid water in the estuary limited the algal growth (Lung, 1986a ) to a great extent.
Given the above quantitative phytoplankton-nutrient dynamics, the calibrated model was used to assess the effect of point source phosphorus control. A number of control alternatives for point sources were evaluated. They ranged from phosphate detergent bans to phosphorus removal at municipal wastewater treatment plants.
Phosphate detergent bans would provide small reductions in peak chlorophyll a levels in the upper estuary (Figure 3 ) due to the fact that phosphorus is not the limiting growth factor for the algae at the present time.
However, considerable reductions in phosphorus input associated with phosphorus removal at municipal wastewater treatment plants would offer more promising results in reducing chlorophyll a levels. That is, phosphorus limitation starts to show under the phosphorus removal scenarios. 
. .., .., Unger the phosphorus removal scenarios, inorganic nitrogen (NH:, NO ;, and N0 3 ) would increase in the downstream direction because they would not be ut1lized by the reduced algal biomass (Figure 3 ).
This result thus raises an interesting question:
would phosphorus removal cause nitrogen increase and associated algal growth in the lower estuary and the Chesapeake Bay in light of possible nitrogen limitation in more saline waters.
The model for the upper estuary has been extended to the lower estuary to address this question.
Preliminary results indicate that while phosphorus controls in the upper estuary increase inorganic nitrogen concentrations entering the lower estuary, their impact on the algal growth potential in the lower estuary is insignificant (Lung, 1987) .
Algal growth in the lower estuary is highly suppressed due to high turbidity levels in the water column as reported by Nielson and Ferry (1978) .
Further, phosphorus control would exert additional stress on orthophosphate concentrations available for algal growth in the lower estuary (Lung, 1987) .
BLUE-GREEN ALGAL BLOOMS IN THE LOWER NEUSE RIVER
Over the past decade, segments of the lower Neuse River between Kinston and New Bern, North Carolina (Figure 4 ) revealed alarming symptoms of advanced eutrophication, culminating in spring-summer-fall blooms of nuisance blue green algal genera (Microcystis, Oscillatoria, Anabaena and Aphanizomen). Questions arising during consideration of management options have included:
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'\Neuse River To help address these questions, a mathematical model of the Neuse Estuary was developed.
Key features incorporated into the model include:
• Multiple functional groups of phytoplankton (diatoms, green algae, non-nitrogen fixing and nitrogen fixing blue-green algae) • • Two-layer mass transport in tidal and estuarine portions of the lower Neuse River to characterize the surface-dwelling blue-greens in the surface layer.
• Time-variable simulation (tidally averaged) of seasonal phytoplankton and nutrient dynamics, incorporating seasonal variations of mass transport. Like many estuarine eutrophication models (Lung, 1986a; Thomann and Fitzpatrick, 1982; HydroQua1, Inc., 1987) , the Neuse eutrophication model is based on the principle of conservation of mass.
The modeling framework developed in this study is made up of three components--transport due to advection and dispersion, the kinetic interactions between water quality variables, and external inputs. Eleven water quality constituents (including four algal groups) are incorporated into the modeling framework to characterize the seasonal phytoplankton and nutrient dynamics within the context of available water quality data.
Principal kinetic interactions for nutrient cycles, four algal functional groups, and dissolved oxygen are also incorporated in the model.
A more detailed description of the model development can be found in Lung and Paerl (1987) . Data collected in 1983 Data collected in , 1984 Data collected in and 1985 were used in model calibration and validation analyses to identify the mechanisms initiating and sustaining algal blooms in the lower Neuse River.
Different algal growth patterns were observed in these three years.
First, significant blue-green algal blooms occurred in the summer of 1983.
In 1984, no blue-green bloom was observed. Only modest phytoplankton growth was detected in 1985.
Thus, these three years offer a challenge for the model to mimic the prototype conditions and quantify the factors affecting the potential of the blue-green algal blooms in the Neuse Estuary.
While comprehensive model results have been reported elsewhere (Lung and Paerl, 1987) , only the salient features of the results are presented herein. Figure 5 shows the comparison between model results and measured chlorophyll a levels in four algal groups in 1983 for the surface layer of the water column.
The blue-green blooms, more or less dominated by the non-nitrogen fixing blue-greens, are closely mimicked by the model in terms of their seasonal trends and magnitudes of biomass levels.
During blue-green algal blooms, diatoms do not thrive, most likely because salinity reduces their growth rates and the surface dwelling blue-greens reduce the amount of light available to the diatoms. In Figure 6 , a comparison between the observed data an � mod�l r�sults is presented for other key water quality constituents:
and disso ved oxygen. The modeling framework designed to mimic seasonal trends of algal growth and nutrient dynamics is shown to accomplish such a task.
Both model results and data indicate that orthophosphate was always in sufficient supply for + --phytoplankton growth throughout the year.
Nitrogen supply (NH 4 and NO +NO ) prior to blue-green algal blooms (before July) appeared sufficient. 3uri�g the bloom period, ammonia and nitrate levels were significantly reduced by the non-nitrogen fixing blue-greens.
While seasonal variations of dissolved oxygen are reproduced by the model, daily fluctuations reflected in the data are not expected to be matched by the model.
The model results generated under the 1984 and 1985 (non-bloom years) conditions also match the observed data (Lung and Paer1, 1987) and are not presented.
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..., . Second, temperature (in surface segments) and light extinction coefficients (due to detritus materials only) in the water column are shown. Finally, time-variable growth rates of blue-green algae in the surface layer of the water column near New Bern affected by temperature, light, nutrient and salinity conditions are shown in Figure 7 .
River flow is one of the key factors affecting the establishment and maintenance of a blue-green algal bloom (Paerl, 1987) .
Its influence was clearly demonstrated in 1983 when the bloom period was characterized by low flows and warmer than usual temperatures (Figure 7) .
Physical conditions such as low flow, high sun light, and low wind speed led to periods of thermal stratification. Nutrient concentrations provided by the spring runoff in 1983 resulted in sufficient supply of nutrients for the growth of the blue-green algae and other phytoplankton groups in the summer.
As a resul t, blooms rapidly developed, proliferated and persisted in the system (see Figure 5) . Ade quate nitrogen supply throughout the year resulted in persistent dominance by a non-nitrogen fixing genus, Microcystis.
Physical conditions in 1984 contrasted to those in 1983 in that a wet summer was encountered.
Strong vertical mixing associated with high river flows eliminated conditions sui table for the blue-green algae.
A near drought condition starting in early April 1985 supported a healthy population of diatoms and green algae. However, storm events in August not only significantly lowered the phytoplankton biomass, but also prevented blue-green algal blooms in 1985. Figure 7 shows that the growth rate of the blue-greens is more or less the same (prior to considering the flow factor) for the three years studied. When the seasonal flow condition is integrated, the model yields different responses between 1983 and 1984. This is a clear indication that freshwater flow is directly responsible for the potential of the blue-green blooms in the Neuse Estuary.
Tne calibrated Neuse eutrophication model is now being used as a planning tool to examine a spectrum of system responses to varying planning alter nates including nutrient control and flow control.
Model predicted trends and directions associated with control alternatives, rather than actual predictions, will be used to address the management questions.
SUMMARY
A simple water quality model was used to evaluate point source phosphorus control alternatives for the James River Estuary.
The model results indi cated that while phosphorus detergent bans would slightly improve the water quality in the James River Estuary, phosphorus removal at wastewater treat ment plants would provide better control of eutrophication.
A phosphate detergent ban has since been passed in the Virginia legislature and will become in effect by January 1988. In addition, biological phosphorus removal is being conducted on a pilot scale in Virginia.
A post audit of the model may be performed when future receiving water data showing positive responses to these control measures become available. This simple modeling framework is easy to use (e.g., on personal computers), requires only a modest amount of data, and provides much physical insight into the cause and-effect relationships for the phytoplankton growth in the system.
On the other hand, the Neuse eutrophication model is a comprehensive planning tool designed to address a very complicated issue--controlling the blue-green algal blooms in the system.
A key question regarding the control programs is:
what are the factors regulating the potential of blue-green algal blooms?
At the present time, seasonal nutrient supplies are adequate to support the algal growth.
The model has identified freshwater flow to the estuary as a prime factor regulating the blooms in the estuarine system.
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